Introduction {#S1}
============

In the field of the analysis of spontaneous fluctuations of heart period (HP) with the term *cardiorespiratory coupling* (CRC) is intended the set of mechanisms responsible for a variable quote of HP variability (HPV) driven by respiration. For example, respiratory sinus arrhythmia (RSA) ([@B28]) is considered to be, at least partially, the genuine consequence of the activity of respiratory centers modulating vagal motoneuron responsiveness and activity ([@B24]). The abovementioned definition has two important consequences over CRC assessment: (i) both HPV and respiration need to be acquired, namely at least a bivariate analysis framework should be arranged ([@B12]; [@B7]; [@B49], [@B54]; [@B45]; [@B39]); (ii) directionality of the interactions (i.e. from respiration to HPV) must be taken into account, thus restricting signal processing methods suitable to be exploited to those belonging to the causal class ([@B49], [@B54]; [@B29]; [@B70]).

The computation of the CRC strength (CRCS), namely the degree of association between HP and respiration in the time direction from respiration to HP, is of paramount importance because it decreases with age ([@B29]; [@B53]) and this decline provides information complementary to that derived from different autonomic control markers such as RSA ([@B34]; [@B10]), cardiac baroreflex sensitivity ([@B33]; [@B40]), cardiac control complexity ([@B31]; [@B14]) and the gain of the relation from respiration to HP ([@B59]). The relevance of assessing CRCS is further outlined by the well-known finding that it declines in situations evoking a high sympathetic tone and/or modulation such as during postural challenges ([@B49], [@B54]) and it is altered in pathological conditions ([@B27]; [@B61], [@B62]; [@B57]; [@B45]). Improving CRCS might be advisable because it would lead to a greater fraction of HPV driven by respiration and, as such, a more powerful and efficient cardiac vagal control might be in place irrespective of the efficiency of the cardiac baroreflex.

Physical exercise might improve CRC. Indeed, a moderate exercise training produces vagal control enhancement ([@B2]) and it is exploited as a countermeasure to limit the decrease of the HPV magnitude with age ([@B3]). Among the possible exercises the inspiratory muscle training (IMT) might be effective in improving CRCS. This position, taken in this study as a working hypothesis, is supported by numerous studies that suggested that IMT is able to improve RSA in both healthy and pathological subjects ([@B25]; [@B30]; [@B19]; [@B38]; [@B32]; [@B58]). Even though the increase of RSA does not necessary imply an increase of CRCS ([@B24]; [@B49], [@B54]), the unmodified cardiac baroreflex sensitivity observed after IMT of moderate intensity ([@B21]) prompts for a possible role of an empowered CRC to explain the after training elevation of RSA.

The aim of the study is to assess the effect of IMT training on CRCS in amateur cyclists. This population was chosen because these non-professional sportsmen should have a high vagal basal tone and CRCS that might be improved further with some difficulty, thus stressing more evidently the potential of IMT. The CRCS was measured using a more traditional non-causal technique such as the squared coherence ([@B59]) and more original causal methods based on the computation of transfer entropy (TE) ([@B6]; [@B52]). Both a causal bivariate ([@B55]) and a causal trivariate ([@B54]) approach assessing the interactions from respiration to HPV unconditioned and conditioned on systolic arterial pressure (SAP) variability are exploited. This comparison is carried out to better understand the need of accounting for the influence of SAP variability when estimating CRCS to eventually discard the effects of respiration on HPV that are mediated by SAP changes at the respiratory frequency (RF) via the activation of cardiac baroreflex ([@B8]; [@B43]). CRCS is measured before (PRE) and after (POST) 11 weeks of IMT at rest in supine condition (REST) and during sympathetic activation induced by acting standing (STAND). Baroreflex control is monitored via sequence analysis ([@B11]; [@B44]) to better understand its role in explaining the observed findings. Analysis was carried in three groups of amateur cyclists undergoing different IMT intensities.

Materials and Methods {#S2}
=====================

Characterization of the Population {#S2.SS1}
----------------------------------

The full description of the population, justification of the sample size, description of the fitness state, characterization of the IMT and experimental protocol was reported in [@B37]. Briefly, a total of 100 recreational male cyclists were screened for eligibility. Subjects were apparently healthy with age ranging from 20 to 40 years. They practiced cycling for 150 min per week, for at least 6 months. We excluded cyclists with alterations of the cardiac electric and/or respiratory activity as detectable during incremental treadmill exercise and cardiopulmonary tests, obese with body mass index larger than 30 kg⋅m^--2^, subjects with cardiovascular risk factors, smokers or former smokers with less than 1 year of interruption, habitual drinkers, drug abusers or recreational drug users, subjects who used drugs or medicines that could interfere with cardiac control and autonomic function, and who performed any type of IMT during the last 12 months. For the eligibility and the characterization of the population, cyclists underwent traditional anamnesis, conventional 12-lead electrocardiogram (ECG) at rest, treadmill exercise test, cardiopulmonary test for the assessment of peak oxygen uptake (peak VO~2~), and the evaluation of maximal inspiratory pressure (MIP) and maximal expiratory pressure (MEP).

The training protocol was registered in the [ClinicalTrials.gov](https://clinicaltrials.gov) (NCT02984189) and the study was approved by the Human Research Ethics Committee of the Federal University of São Carlos (UFSCar) (Protocol: 1.558.731). The study adhered to the principles of the Declaration of Helsinki for research studies involving humans. All participants provided a written informed consent to participate in the study.

IMT Protocol {#S2.SS2}
------------

Only 50 individuals met the eligibility criteria and were randomized into the three groups undergoing different intensities of IMT. Randomization process was based on the creation of groups formed by three subjects (i.e. triplets) with similar age and aerobic functional classification. Random allocation, performed via brown envelops, was carried out over these triplets. One smaller group of two individuals was created because 50 was not a multiple of 3. The three groups were composed by 17, 17 and 16 subjects. The first group performed a sham IMT (SHAM) of very low intensity against an inspiratory resistance of 6 cmH~2~O. The second group followed an IMT of moderate intensity against a respiratory resistance set to 60% of MIP (MIP60). The third group was trained at the critical inspiratory pressure (CIP) as determined in [@B56] and corresponding to an optimized high intensity IMT ranging from 80% to 90% of MIP (CIP). One subject was moved from the CIP group to the MIP60 one to avoid the retreat of this individual during the first session of the training. Therefore, SHAM, MIP60 and CIP groups were formed by 17, 18, and 15 subjects respectively. Some of subjects were excluded mainly because they did not conclude the training, namely 8, 8 and 3 cyclists in the SHAM, MIP60 and CIP groups respectively. Therefore, 9, 10, and 12 subjects concluded the SHAM, MIP60 and CIP training and could undergo the POST session of recording. Unfortunately, in 1 subject belonging to the CIP group the signals were of poor quality, thus allowing the analysis of the recordings of 9, 10, and 11 subjects in the SHAM, MIP60 and CIP groups respectively. The SHAM, MIP60 and CIP groups were similar in terms of age, body mass index, peak VO~2~, MIP and MEP as tested via one-way analysis of variance, or Kruskal--Wallis one-way analysis of variance on ranks when appropriate, applied to continuous variables, or χ^2^ test applied to aerobic functional classification ([@B37]).

The subjects performed IMT for about 1 h, 3 days per week, for 11 weeks, using a linear inspiratory loading device PowerBreathe (Ironman K5, HaB Ltd, United Kingdom). The protocol was composed of a warm-up phase lasting 5 min during which each participant performed a constant loading protocol at 50% of his training load, followed by 3 consecutive IMT sessions of 15 min. The second and the third IMT sessions were preceded by 1-min recovery. During training, the subjects were instructed to maintain the breathing rate at 12 acts per minute and this rate was reinforced by a verbal command of the physiotherapist. Volunteers who did not complete the 3 weekly IMT sessions or the 11 full weeks of IMT, or modified their physical activities, physical training or lifestyles, or started using any supplement or medication during IMT were excluded.

Experimental Protocol and Data Acquisition {#S2.SS3}
------------------------------------------

The overall duration of the study was 13 weeks. Evaluation of cardiovascular control markers were carried out during the first and thirteenth weeks, just before and after IMT being the PRE and POST conditions respectively. For cardiovascular control assessment we acquired the ECG (lead MC5) via a bioamplifier (BioAmp FE132, ADInstruments, Australia), non-invasive continuous finger arterial pressure (Finometer Pro, Finapres Medical Systems, Netherlands) and respiratory movement (RM) through a thoracic belt (Marazza, Monza, Italy). Signals were sampled at 1000 Hz (Power Lab 8/35, ADInstruments, Australia). Recording sessions were carried out at the Cardiovascular Physical Therapy Laboratory, Department of Physical Therapy, UFSCar, São Carlos, Brazil according to standardized criteria minimizing individual and environmental factors that might increase the variance of cardiovascular control markers ([@B40]). Subjects were initially maintained at REST for 10 min to stabilize the cardiovascular variables. After this period, signals were recorded for 15 min at REST. Then, the subject was asked to change posture and signals were acquired for additional 15 min during STAND. STAND session followed always REST. Throughout the procedure, subjects were instructed to breathe spontaneously and were not allowed to talk.

Extraction of Beat-to-Beat Variability Series {#S2.SS4}
---------------------------------------------

The HP was determined over the ECG as the temporal distance between two consecutive R-wave peaks. The *i*th SAP was detected as the maximum of arterial pressure signal within the *i*th HP. The RM signal was sampled at the first R-wave delimiting the onset of the *i*th HP. Delineations of the R-wave peak and arterial pressure maximum were carefully checked to avoid erroneous detections or missed beats. If isolated ectopic beats affected HP and SAP, these measures were linearly interpolated using the closest values unaffected by ectopies. Since we were interested in short-term cardiac control, analyses were carried out over sequences of 256 consecutive HP, SAP and RM values ([@B66]). The sequences were selected in a random position within REST and STAND periods. The random position was decided according to an automatic routine randomly extracting the onset of the segment from a uniform distribution of integers ranging from the session onset to the session offset (minus 256). The operator has no possibility to intervene on the selection. The procedure avoided the selection of the first 3 min of STAND. We computed the mean and variance of HP and SAP series, labeled as μ~HP~, σ^2^~HP~, μ~SAP~ and σ^2^~SAP~ and expressed in ms, ms^2^, mmHg and mmHg^2^ respectively. With the exception of the means, all the other markers were computed over linearly detrended sequences.

Squared Coherence Analysis {#S2.SS5}
--------------------------

The degree of linear coupling between HP and RM series as a function of the frequency f was computed via squared coherence function *K*^2^~HP--RM~(f). The *K*^2^~HP--RM~(f) is defined as the ratio between the square HP-RM cross-spectrum modulus divided by the product of the HP and RM power spectra. *K*^2^~HP--RM~(f) ranges from 0 to 1, where 0 indicates perfect uncorrelation between HP and RM at the frequency f, while 1 indicates full correlation. The cross-spectrum and power spectra were estimated according to a parametric approach based on the bivariate autoregressive model ([@B47]). The coefficients of the model were identified via a traditional least squares technique and the order was fixed at 10 ([@B47]). *K*^2^~HP--RM~(f) was sampled in correspondence of the weighted average of the central frequency of the RM spectral components in high frequency (HF, from 0.15 to 0.4 Hz) band. This frequency was taken as an estimate of the RF. The sampling of the *K*^2^~HP--RM~(f) at the RF was referred to as *K*^2^~HP--RM~(RF) and it is dimensionless.

Model-Based Conditional and Unconditional TE {#S2.SS6}
--------------------------------------------

The degree of association in the temporal direction from a cause signal to an effect one was computed via TE measuring the amount of information transferred from the cause to the effect ([@B60]). Defined the restricted universe of knowledge as the set formed by the effect and all the possible confounding factors, the TE computes the reduction of information carried by the target signal when the restricted universe of knowledge is completed by including the presumed cause to become the full universe of knowledge. The greater the TE, the higher the association from the cause to the effect, the larger the coupling strength from the cause to the effect.

In this specific application the presumed cause is RM, the effect is HP and the possible confounding factor is SAP. At difference with *K*^2^~HP--RM~(f) the TE has the inherent advantage to be an asymmetric function, namely the TE from RM to HP is different from the TE from HP to RM. This feature makes TE to be particularly attractive in quantifying CRCS whether the degree of association in the temporal direction from HP to RM is present and larger than that in the reverse temporal direction. Indeed, in this situation *K*^2^~HP--RM~(f) would be dominated by mechanisms operating in the temporal direction that have nothing to do with CRC. The TE from RM to HP was computed in two different full universes of knowledge Ω~2~ = {HP, RM} and Ω~3~ = {HP, RM, SAP} respectively. Assigned Ω~2~ and Ω~3~ we defined Ω~2~\\RM = {HP} and Ω~3~\\RM = {HP, SAP} as the two restricted universes of knowledge built from Ω~2~ and Ω~3~ after excluding the presumed cause RM. The TE from RM to HP in Ω~2~, termed TE~RM→HP~, was computed as a half of the logarithm of the prediction error variance of HP in Ω~2~\\RM to that of HP in Ω~2~ ([@B6]; [@B55]). The TE from RM to HP in Ω~3~ conditioned on SAP, termed TE~RM→HP\|\ SAP~, was computed as a half of the logarithm of the prediction error variance of HP in Ω~3~\\RM to that of HP in Ω~3~ ([@B6]; [@B54]). Both TE~RM→HP~ and TE~RM→HP\|\ SAP~ were dimensionless.

In this specific application a model-based approach based on multivariate linear regression models, namely the class of the autoregressive model with exogenous input ([@B9]), was exploited to fit the series in Ω~2~, Ω~2~\\RM, Ω~3~, and Ω~3~\\RM. After normalizing HP, SAP, and RM series to have zero mean and unit variance by subtracting the mean and by dividing the result by the standard deviation, the coefficients of the models were identified via traditional least squares approach and Cholesky decomposition method ([@B9]). In the computation of TE~RM→HP~ and TE~RM→HP\|\ SAP~ the model order was optimized in the range from 8 to 16 according to the Akaike's figure of merit ([@B1]) computed in Ω~2~ and Ω~3~ respectively. The prediction error was computed as the difference between the current value of the HP series and its best prediction provided by the model. Immediate effects (i.e. within the current HP) from SAP and RM to HP were considered in agreement with the fastness of the vagal actions characterizing both cardiac baroreflex, namely the link from SAP to HP, and CRC, namely the pathway from RM to HP ([@B22]; [@B50]). All the regressions have the same number of coefficients equal to the optimal model order. The models in Ω~2~\\RM and Ω~3~\\RM were separately identified using the optimal model order estimated in Ω~2~ and Ω~3~ respectively ([@B54]).

Cardiac Baroreflex Evaluation {#S2.SS7}
-----------------------------

The sequence technique is one of the most utilized methods for the characterization of cardiac baroreflex from spontaneous HP and SAP variability series ([@B11]; [@B44]). We applied the sequence technique as implemented in [@B47], [@B48]. More specifically, we defined as HP-SAP pattern of baroreflex origin an HP-SAP joint scheme featuring three consecutive and contemporaneous HP and SAP increases or decreases. Therefore, an HP-SAP pattern of baroreflex origin is characterized by same-sign HP and SAP ramps with a delay between them equal to 0 beats, thus focusing on the fast vagal arm of the cardiac baroreflex featuring very short latencies compatible with the measurement convention adopted in this study ([@B22]; [@B40]). All the detected HP-SAP patterns of baroreflex origin were retained in this analysis regardless of the magnitude of total, or partial, SAP and HP variations and the strength of the linear association between HP and SAP values ([@B48]). The baroreflex sensitivity (BRS) was computed as the mean of the slopes of the regression lines of HP on SAP calculated over all HP-SAP patterns of baroreflex origin. BRS was positive by definition and expressed in ms⋅mmHg^--1^. The percentage of the HP-SAP patterns of baroreflex origin with respect to the overall amount of HP-SAP joint schemes (SEQ%) was assessed as well and taken as a measure of the degree of involvement of cardiac baroreflex control. By definition, SEQ% ranged between 0 and 100.

Statistical Analysis {#S2.SS8}
--------------------

Normality was tested via Shapiro--Wilk test. The assessment of the effect of IMT on time domain, cardiac baroreflex and CRCS indexes was carried out within an assigned group of athletes via two-way repeated measures analysis of variance (Holm--Sidak correction for multiple comparisons). The significance of the effect of training within the same experimental condition (i.e. REST or STAND) and the response to postural challenge within the same period of analysis (i.e. PRE or POST) was tested. Assigned the group of subject, if the null hypothesis of normal distribution of a given variable was rejected in some experimental condition or period of analysis, the values of that variable in all experimental conditions and periods of analysis were log-transformed before performing two-way repeated measures analysis of variance. No formal statistical analysis was carried out among different groups (i.e. SHAM, MIP60 and CIP). Comparison among different groups was qualitative and based on the observation of significances detected by the previously mentioned two-way repeated measures approach. Data are expressed as mean ± standard deviation. Statistical analysis was carried out using a commercial statistical program (Sigmaplot, v.14.0, Systat Software, Inc., Chicago, IL, United States). A *p* \< 0.05 was always considered statistically significant.

Results {#S3}
=======

Time domain markers are summarized in [Table 1](#T1){ref-type="table"}. The effect of STAND was significant over μ~HP~ regardless of the training status (i.e. PRE and POST) and type of training (i.e. SHAM, MIP60, and CIP). SHAM and MIP60 trainings lengthened μ~HP~ at REST respectively, while CIP training shortened μ~HP~ during STAND. σ^2^~HP~ and μ~SAP~ were not influenced by experimental condition and training status. This finding held irrespective of the type of training. σ^2^~SAP~ did not vary with the training status but it was affected by the postural challenge. Indeed, in both PRE and POST sessions σ^2^~SAP~ increased during STAND and this result held only in the MIP60 group. In the SHAM and CIP groups RF was not affected by either experimental condition or training status. A post-training decrease of RF was observed in the MIP60 group at REST, while no effect of training was visible during STAND. In the same group orthostatic challenge did not influence the RF regardless of the training status.

###### 

Time domain HP and SAP markers and RF during SHAM, MIP60, and CIP trainings.

  Index                   Experimental condition   SHAM       MIP60      CIP                              
  ----------------------- ------------------------ ---------- ---------- ---------- ---------- ---------- ----------
  μ~HP~ \[ms\]            PRE                      990113     810135\*   992181     815165\*   94676      79171\*
                          POST                     1063133§   876178\*   1106175§   84998\*    928109     73795§\*
  σ^2^~HP~ \[ms^2^\]      PRE                      42893631   33921774   26071850   35823978   28592745   23691508
                          POST                     51903647   46953980   41492658   40003821   18561390   16501388
  μ~SAP~ \[mmHg\]         PRE                      11117      10416      11214      11618      1109       10914
                          POST                     9838       9539       11223      11424      11316      11516
  σ^2^~SAP~ \[mmHg^2^\]   PRE                      3222       5220       155        4120\*     2313       2912
                          POST                     3625       3830       2313       4629\*     3016       3925
  RF \[apm\]              PRE                      15.93.7    14.03.4    18.34.5    15.84.9    17.03.7    15.73.2
                          POST                     16.41.8    15.93.9    15.25.0§   16.45.3    18.94.2    17.93.8

IMT, inspiratory muscle training; SHAM, sham IMT; MIP60, IMT at 60% of the maximum inspiratory pressure; CIP, IMT training at the critical inspiratory pressure; REST, at rest in supine position; STAND, active standing; HP, heart period; SAP, systolic arterial pressure; μ
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, SAP variance; RF, respiratory frequency expressed in acts per minute (apm). Data are presented as mean ± standard deviation. The symbol \* indicates

p

\< 0.05 vs. REST within the same period of analysis (i.e. PRE or POST) assigned the training group. The symbol § indicates

p

\< 0.05 versus POST within the same experimental condition (i.e. REST or STAND) assigned the training group.

The grouped vertical bar graphs of [Figure 1](#F1){ref-type="fig"} show BRS and SEQ% computed over SHAM ([Figures 1A,D](#F1){ref-type="fig"}), MIP60 ([Figures 1B,E](#F1){ref-type="fig"}), and CIP ([Figures 1C,F](#F1){ref-type="fig"}) groups in PRE (black bars) and POST (white bars) sessions as a function of the experimental condition (i.e. REST and STAND). STAND decreased BRS and increased SEQ%. This tendency held regardless of the training condition (i.e. PRE and POST) and was observed in all the groups (i.e. SHAM, MIP60 and CIP). However, the effect of STAND over BRS and SEQ% was more powerful in MIP60 ([Figures 1B,E](#F1){ref-type="fig"}) and CIP ([Figures 1C,F](#F1){ref-type="fig"}) groups than in the SHAM one ([Figures 1A,D](#F1){ref-type="fig"}). IMT did not influence BRS and SEQ% given that no significant PRE-POST difference was observed either at REST or during STAND irrespective of the IMT intensity.

![The grouped vertical bar graphs show BRS **(A--C)** and SEQ% **(D--F)** before (PRE, black bars) and after (POST, white bars) training as a function of the experimental condition (i.e. REST and STAND) in the three considered groups, namely SHAM **(A,D)**, MIP60 **(B,E)**, and CIP **(C,F)**. The values are reported as mean plus standard deviation. The symbol ^∗^ indicates a statistically significant difference versus REST within the same training condition (i.e. PRE or POST) with *p* \< 0.05.](fphys-11-00134-g001){#F1}

[Figure 2](#F2){ref-type="fig"} shows an example of the *K*^2^~HP--RM~ and TE analyses performed over series recorded at REST and during STAND in a subject belonging to the SHAM group. The series of HP, RM and SAP acquired at REST and during STAND are shown in [Figures 2A,C,E](#F2){ref-type="fig"} and [Figures 2B,D,F](#F2){ref-type="fig"} respectively. During STAND μ~HP~ decreases and σ^2^~SAP~ increases. The corresponding K^2^~HP--RM~ functions are reported in [Figures 2G,H](#F2){ref-type="fig"} respectively with the indication of the inferior and superior limit of the HF band (dotted lines) and sampling at the RF (solid circle). The values of the *K*^2^~HP--RM~(RF), TE~RM→HP~, and TE~RM→HP\|\ SAP~ are given below the panels representing *K*^2^~HP--RM~. The values of *K*^2^~HP--RM~(RF), TE~RM→HP~, and TE~RM→HP\|\ SAP~ at REST are higher than the correspondent value during STAND, thus indicating a reduced cardiorespiratory coupling with the postural challenge. TE~RM→HP~ is larger than TE~RM→HP\|\ SAP~, thus suggesting that a portion of the information transferred from RM to HP is mediated by SAP changes.

![The line plots show the series of HP **(A,B)**, RM **(C,D)**, and SAP **(E,F)**. The series are recorded from a SHAM subject at REST **(A,C,E)** and during STAND **(B,D,F)**. The *K*^2^~HP--SAP~ functions computed over the HP and RM series at REST and during STAND are shown in **(G,H)**. The sampling of the *K*^2^~HP--SAP~ function at the RF is indicated by a solid circle in **(G,H)**. The limits of the HF band are given as dotted lines in **(G,H)**. The values of the *K*^2^~HP--RM~(RF), TE~RM→HP~, and TE~RM→HP\|\ SAP~ are reported below the panels representing *K*^2^~HP--RM~.](fphys-11-00134-g002){#F2}

The grouped vertical bar graphs of [Figure 3](#F3){ref-type="fig"} show *K*^2^~HP--RM~(RF) computed over SHAM ([Figure 3A](#F3){ref-type="fig"}), MIP60 ([Figure 3B](#F3){ref-type="fig"}), and CIP ([Figure 3C](#F3){ref-type="fig"}) groups in PRE (black bars) and POST (white bars) sessions as a function of the experimental condition (i.e. REST and STAND). All the groups responded to the orthostatic challenge by decreasing *K*^2^~HP--RM~(RF) in both PRE and POST sessions. However, the decrease was significant solely in SHAM ([Figure 3A](#F3){ref-type="fig"}) and CIP ([Figure 3C](#F3){ref-type="fig"}) groups, while in the MIP60 group the reduction was not significant ([Figure 3B](#F3){ref-type="fig"}). Regardless of the IMT intensity no effect of training was visible over *K*^2^~HP--RM~(RF) both at REST and during STAND.

![The grouped vertical bar graphs show *K*^2^~HP--RM~(RF) before (PRE, black bars) and after (POST, white bars) training as a function of the experimental condition (i.e. REST and STAND) in the three considered groups, namely SHAM **(A)**, MIP60 **(B)**, and CIP **(C)**. The values are reported as mean plus standard deviation. The symbol ^∗^ indicates a statistically significant difference versus REST within the same training condition (i.e. PRE or POST) with *p* \< 0.05.](fphys-11-00134-g003){#F3}

[Figure 4](#F4){ref-type="fig"} has the same structure as [Figure 3](#F3){ref-type="fig"} but it shows TE~RM→HP~. This parameter did not change with either training status (i.e. PRE and POST) or experimental condition (i.e. REST and STAND). This conclusion held regardless of the type of training, namely SHAM ([Figure 4A](#F4){ref-type="fig"}), MIP60 ([Figure 4B](#F4){ref-type="fig"}), and CIP ([Figure 4C](#F4){ref-type="fig"}).

![The grouped vertical bar graphs show TE~RM→HP~ before (PRE, black bars) and after (POST, white bars) training as a function of the experimental condition (i.e. REST and STAND) in the three considered groups, namely SHAM **(A)**, MIP60 **(B)**, and CIP **(C)**. The values are reported as mean plus standard deviation.](fphys-11-00134-g004){#F4}

[Figure 5](#F5){ref-type="fig"} has the same structure as [Figure 3](#F3){ref-type="fig"} but it shows TE~RM→HP\|\ SAP~. Regardless of the training condition (i.e. PRE or POST) STAND influenced TE~RM→HP\|\ SAP~. This consideration held for all the groups. Remarkably, the sign of the TE~RM→HP\|\ SAP~ variation induced by STAND depended on the intensity of the IMT training. Indeed, in POST condition, while STAND decreased TE~RM→HP\|\ SAP~ in SHAM ([Figure 5A](#F5){ref-type="fig"}) and CIP ([Figure 5C](#F5){ref-type="fig"}) group, the postural challenge significantly increased TE~RM→HP\|\ SAP~ in the MIP60 group ([Figure 5B](#F5){ref-type="fig"}). At REST the decrease of TE~RM→HP\|\ SAP~ in response to STAND was significant regardless of the group ([Figures 5A--C](#F5){ref-type="fig"}). No PRE-POST difference was detected both at REST and during STAND ([Figures 5A--C](#F5){ref-type="fig"}) and this result held for all the groups.

![The grouped vertical bar graphs show TE~RM→HP\|\ SAP~ before (PRE, black bars) and after (POST, white bars) training as a function of the experimental condition (i.e. REST and STAND) in the three considered groups, namely SHAM **(A)**, MIP60 **(B)**, and CIP **(C)**. The values are reported as mean plus standard deviation. The symbol ^∗^ indicates a statistically significant difference versus REST within the same training condition (i.e. PRE or POST) with *p* \< 0.05.](fphys-11-00134-g005){#F5}

Discussion {#S4}
==========

The main finding of this study can be summarized as follows: (i) in PRE condition sympathetic activation and vagal withdrawal induced by postural challenge reduced CRCS even though the significance of the decrease depends on the CRC marker; (ii) in MIP60 group a causal CRCS marker conditioning SAP out can detect the post-training increase of CRCS during STAND, while more traditional non-causal and simpler causal CRCS indexes cannot; (iii) in MIP60 group the post-training increase of TE~RM→HP\|\ SAP~ induced by STAND was observed without significant modifications of μ~SAP~ and RF and in presence of the expected response of μ~HP~ and BRS to STAND; (iv) CIP was not able to prevent the decrease of CRCS in response to STAND.

On the Need of a Causal Approach Conditioning SAP Variability Out for the Evaluation of CRCS {#S4.SS1}
--------------------------------------------------------------------------------------------

The quantification of CRCS necessitates the computation of the association between RM and HP dynamics in a specific time direction (i.e. from RM to HP) and the possibility of conditioning out any signal that might act as a confounding factor masking or biasing the considered HP-RM association. Signal processing tools assessing causality are suitable candidates for the evaluation of CRCS because the temporal direction of the dynamical interactions can be accounted for, confounding factors can be easily conditioned out, and the computed metrics might have attracting features such as being dimensionless and bounded (e.g. TE is bounded between 0 and the Shannon entropy of HP series) ([@B52]). In this study we exploited a model-based approach assessing the information transferred from RM to HPV as the reduction of information carried by the HP series resulting from the acquisition of the RM signal in addition to HP and SAP variability series ([@B6]; [@B54]). It can be argued that the possibility of imposing a temporal direction of interactions (i.e. from RM to HP) might be irrelevant in assessing CRC because it is unlikely that modifications of HP could affect respiratory centers because no anatomical feedback from HP to RM does exist. However, given that the hypothesis of open loop relation from RM to HP has been repeatedly rejected in experiment conditions commonly exploited in cardiac autonomic control analysis and with respiratory signals routinely acquired in many laboratories ([@B71]; [@B50]), some caution about the use of non-causal tools such as *K*^2^~HP--RM~(f) is advisable. An active pathway on the reverse time direction (i.e. from HP to RM) might be the mere consequence of the different rapidity of the recorded variables to respond to respiratory center inputs ([@B71]; [@B50]). The possibility of conditioning out confounding factors is even more important than that of imposing causality. Indeed, it is well-known that the association between RM and HPV might be mediated by cardiac baroreflex ([@B49]) solicited by SAP fluctuations resulting from modifications of the venous return driven by respiratory-related changes of intrathoracic pressure ([@B68]; [@B13]). Accounting for baroreflex influences on the HP-RM link might be important in our experimental protocol given that IMT generates remarkable modifications of intrathoracic pressures ([@B35]; [@B16]; [@B69]), that might have some impact on baroreflex responses ([@B4]), and given that sympathetic activation evoked by STAND is mediated by the baroreflex engagement ([@B67]; [@B51], [@B49]). If these influences were not accounted for, the association between RM and HP dynamics might be biased by the simultaneous action of pathways other than the directed action of RM on HRV. Therefore, it is not surprising to find out that the statistical power of the TE~RM→HP\|\ SAP~ is greater than that of a rougher causal marker that does not take into account SAP, such as the TE~RM→HP~. Even the modifications of *K*^2^~HP--RM~(RF) with STAND might be the sole consequence of disregarding SAP dynamics. Indeed, the decrease of *K*^2^~HP--RM~(RF) during STAND might be the genuine result of the reduction of the cardiac baroreflex sensitivity at the RF in response to the postural stimulus ([@B17]; [@B20]) limiting the strength of the HP-RM link mediated by SAP changes.

Effect of the Orthostatic Challenge on CRCS in PRE Condition {#S4.SS2}
------------------------------------------------------------

This study confirms that orthostatic challenge determines a reduction of CRCS. Indeed, in PRE condition all the considered CRCS markers reached the same conclusion, even though with different statistical power. Indeed, the reduction of TE~RM→HP~ during STAND was less evident than that of *K*^2^~HP--RM~(RF) and TE~RM→HP\|\ SAP~. A CRCS decrease, proportional to the magnitude of the postural stimulus (i.e. the tilt table inclination during graded head-up tilt test), was observed via a causal method decomposing the variance of HP series using a multivariate partial power spectral decomposition technique ([@B49]) and via a model-based conditional TE approach ([@B54]). The sympathetic activation and vagal withdrawal associated to the orthostatic challenge ([@B41]; [@B17]; [@B26]; [@B36]) is likely to be responsible for the decoupling of the respiratory rhythm modulating vagal drive and HP dynamics. This decoupling is favored by the decrease of the gain of the HP-RM transfer function ([@B59]; [@B71]) and by the reduction of the RSA ([@B46]) known to occur when cardiac vagal control is limited like during parasympathetic blockade performed via high dose administration of atropine. The reduction of the CRCS is robustly detected in presence of a shift of the sympathovagal balance toward a sympathetic predominance even when this unbalance is not evoked by an orthostatic challenge such as during healthy aging ([@B29]; [@B42]; [@B53]), thus stressing the inverse relationship between markers of CRC and vagal control and the possibility to use CRCS as a further marker of vagal responsiveness of the sinus node.

Effect of the Orthostatic Challenge on CRCS in POST Condition {#S4.SS3}
-------------------------------------------------------------

The effects of IMT on CRCS seem to be of limited entity both at REST and during STAND. Indeed, no significant difference between PRE and POST was observed and this finding held irrespective of the IMT intensity and type of CRCS marker. However, some influences of IMT became visible when the response to STAND was analyzed in POST condition. Indeed, TE~RM→HP\|\ SAP~ decreased during STAND compared to REST in both SHAM and CIP groups, while it increased in the MIP60 group. The post-training increase of CRCS induced by STAND was not detectable via *K*^2^~HP--RM~(RF) and TE~RM→HP~ likely due to the limited ability of a non-causal index of CRC, such as *K*^2^~HP--RM~(RF), and of a simpler causal marker that does not account for confounding factors such as TE~RM→HP~. It seems that after MIP60 training amateur cyclists could cope with the postural stressor with an increased CRC in presence of a usual response of sympathetic and vagal sympathetic branches of the autonomic nervous system to the postural stressor as denoted by the decrease of μ~HP~ and increase of σ^2^~SAP~. The mechanism underlying the improvement of CRCS during STAND induced by the MIP60 training is unclear. Breathing through an inspiratory resistance of limited value decreases intrathoracic pressure and increases stroke volume, cardiac output and SAP ([@B35]; [@B16]). Given the rhythmical nature of respiration, modifications of intrathoracic pressure and, consequently, of stroke volume ([@B68]; [@B13]), periodically solicit the stretch-sensitive areas of barosensory vessels located in thorax ([@B4]) and this dynamical stimulation might be responsible for producing post-training beneficial effects in terms of augmented vessel elasticity and reduced mechanical stiffness. This mechanism was advocated to explain the improved baroreflex control after IMT of light-to-moderate intensity in patients suffering for orthostatic hypotension as a consequence of spinal cord injury ([@B5]). However, this baroreflex-mediated mechanism cannot explain the complexity of our results and findings present in literature. Indeed, if an IMT of moderate intensity was able to empower baroreflex, we would expect a greater after-training BRS. Conversely, no PRE-POST variation of BRS was observed and the usual trend of baroreflex markers with STAND was detected after MIP60 training. The lack of influences on the baroreflex regulation is in agreement with data derived during a session of breathing through an inspiratory resistance of small value ([@B15]) and with the long-term effects of an IMT training of moderate intensity ([@B21]). We suggest that the post-training changes of CRCS detected by TE~RM→HP\|\ SAP~ during STAND in MIP60 group are due to mechanisms unrelated to baroreflex. Also modifications of RF cannot explain this finding given that RF did not change in MIP60 group during STAND. We speculate that the MIP60 training might have promoted central respiratory network modifications ([@B64]; [@B23]) through the solicitation of the afferent pulmonary and atrial stretch-activated neural circuits during training ([@B63]; [@B65]; [@B24]; [@B18]). Remarkably, the post-training increase of CRCS was detected only by TE~RM→HP\|\ SAP~ likely because the unvaried action of baroreflex might act as a confounding factor for the direct relation from RM to HP. Moreover, since this effect of the MIP60 training was visible solely during the sympathetic activation induced by the orthostatic stimulus, we speculate that this IMT might not produce exclusively modifications of the interactions between respiratory centers and vagal activity but also with central sympathetic drive. Remarkably, the post-training increase of CRCS during STAND observed in the MIP60 group was not detected in SHAM and CIP groups likely because the intensity of the SHAM training was too low to produce any post-training modifications of the cardiac control, while the CIP training might be ineffective. The ineffectiveness of CIP training might be related to the inability, compared to MIP60, to produce really important transmural pressures, namely the difference between intramural atrial pressure and extramural intrathoracic pressure being the net stimulus for the low pressure receptors in the atria. We conjecture that this inability prevents the generation of empowered variations of the afferent neural activity during the CIP training and, consequently, the possibility to stimulate some rearrangements at the level of central respiratory network. This supposition needs to be corroborated by the observation of additional variables during CIP session such venous return, atrial and intrathoracic pressure and stroke volume.

Limitations of the Study and Future Developments {#S4.SS4}
------------------------------------------------

We remark the exploratory value of this study and recommend taking conclusions as hypotheses that should be tested over groups of larger size. With the results of the present work in mind future studies should be focused on a single type of IMT to concentrate the experimental effort on a single group of individuals. It is worth noting that at REST the MIP60 training was able to evoke a significant bradycardia in presence of an unvaried SAP. This finding is in contrast with some studies suggesting that IMT of moderate intensity could lower arterial pressure while leaving unmodified HP values in both normotensive ([@B69]; [@B21]) and hypertensive ([@B25]) subjects. Even the improvement of arterial pressure regulation, reported in subjects with orthostatic hypotension such as those after spinal cord injury ([@B5]), it is not evident in our study given that the baroreflex control is not affected by IMT. These considerations suggest that, although belonging to the class of IMT, our modality of IMT might lead to long-term effects different from those reported in literature and/or long-term consequences depending on the trained population, thus stressing the need of standardization of the IMT to better control its chronic effects according to the type of treated subjects. This standardization appears to be mandatory especially whether IMT of moderate intensity is to be proposed as a standard practice in physiotherapy and sports medicine.

Conclusion {#S5}
==========

This study suggests that an IMT of moderate intensity, such as MIP60, improves cardiac autonomic control by acting on CRC and this improvement is visible using a causal tool conditioning SAP out and only under a sympathetic stressor such as STAND. This improvement appears to be independent of cardiac baroreflex because the usual trends of BRS with STAND are detected after the MIP60 training. The present result indicates that the long-term effects of IMT of moderate intensity might be not limited to lower arterial pressure and vascular resistance ([@B21]) but they might be even wider through the possible involvement of regulatory centers in the brain stem that are not specifically devoted to arterial pressure control. This improvement is associated exclusively with an IMT training of moderate intensity. We suggest that the favorable effects of IMT of moderate intensity observed in patients featuring a high sympathetic drive ([@B25]; [@B19]; [@B38]) and in healthy old subjects ([@B58]) could be related to an improved CRC more evident under sympathetic stressor. The exploration of the mechanisms underlying the effects of MIP60 training might favor its specific application as a countermeasure of the progressive increase of sympathetic drive contributing to the decrease of CRCS in physiological and pathological situations.
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μ

:   mean

σ^2^

:   variance

BRS

:   baroreflex sensitivity

CIP

:   IMT at the critical inspiratory pressure

CRC

:   cardiorespiratory coupling

CRCS

:   CRC strength

ECG

:   electrocardiogram

HP

:   heart period

HPV

:   HP variability

IMT

:   inspiratory muscle training

*K*^2^

:   squared coherence function

MEP

:   maximal expiratory pressure

MIP

:   maximal inspiratory pressure

MIP60

:   IMT against a respiratory resistance set to 60% of MIP

POST

:   after 11 weeks of IMT

PRE

:   before 11 weeks of IMT

REST

:   at rest in supine position

RF

:   respiratory frequency

RM

:   respiratory movement signal

RSA

:   respiratory sinus arrhythmia

SAP

:   systolic arterial pressure

SEQ%

:   percentage of HP-SAP pattern of baroreflex origin

SHAM

:   IMT against an inspiratory resistance of 6 cmH~2~O

STAND

:   active standing

TE

:   transfer entropy

VO~2~

:   oxygen uptake.
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